All-optical signal processing offers the prospect of realizing high sampling bandwidth and overcoming many of the limitations of electronics. This work introduces the use of planar Bragg gratings in all-optical signal processing. The key fabrication technique is direct grating writing (DGW). One significant advantage of the DGW system is the small spot size of the focused laser beam used to inscribe the waveguide and grating. Rather than using the wide area exposure such as that from a phase mask, DGW uses a direct UV laser spot such that the dimensions of the UV induced structure are determined by the focal spot size. For complex grating engineering this feature is superior to the conventional phase mask techniques, allowing accurate control of the chirp, phase shifts, apodisation and other parameters to produce intricate optical response.
INTRODUCTION
The technique of applying photonic technologies to process signals in the all-optical domain has the ability to overcome the inherent speed limitations of electronic signal processors. All-optical signal processing based on fiber Bragg gratings (FBGs) and multiple wavelength techniques open up new possibilities for the realisation of high resolution, wideband and adaptive processing of the signals travelling along the fiber 1 . A number of FBG based components have been proposed and implemented theoretically or experimentally, including temporal integrators based on uniform and sampled phase-shifted FBG 2, 3 , real time Fourier transformers using sampled and chirped FBG 4 , and photonic Hilbert transformers implemented via apodized phase-shifted FBG 5 . We demonstrated our planar waveguide fabrication technique and show the spectral and group delay responses of fabricated planar Bragg grating devices.
DIRECT GRATING WRITING
The fabrication techniques of Bragg gratings broadly fall into two categories: those that are holographic, and those that are non-interferometric, based on periodic UV exposure within the photosensitive medium 6 . The fabrication technique in this work is the direct grating writing (DGW), illustrated in Figure 1 .
The components comprise an acousto-optic modulator (AOM) allowing modulation of the beam intensity, and a 50/50 beam splitter and additional optics to create an interference pattern at the focus. This method involves focusing two crossed laser beams (λ = 244 nm) into the photosensitive core of a planar sample, producing channel waveguides if no modulation is used, or Bragg gratings at the correct frequency if the beam power is modulated. UV irradiation increases the refractive index in this photosensitive layer. A precision air-bearing stage system is used to translate the sample beneath the crossed beams. Precise translation of the sample and modulation of the beam intensity defines the channel waveguide and the grating structures simultaneously. First developed at the Optoelectronics Research Centre in 2002 7 , it has similarities to the UV writing techniques used for fiber Bragg grating inscription. Advanced grating properties such as chirp, phase shifts, and apodisation are introduced by adjusting the laser intensity and the translation speed. A significant advantage of the DGW system is the small spot size (~6μm in diameter) of the laser beam, with relation to the width of the interference pattern. This small spot size provides the unique ability over traditional FBG to manipulate the grating structures at the micron level. Rather than using a wide area exposure that is modulated using a phase mask, DGW uses a focused optical exposure such that the dimensions of the UV induced structure are determined by the focused spot size. For complex grating engineering, this feature is superior to the conventional phase mask techniques for accurate control of the chirp, phase shift and apodisation amongst other complex grating structures.
CHARACTERIZATION OF VARIOUS BRAGG GRATING DEVICES
Implementing the current grating engineering technique, we have developed multiple approaches to grating apodisation. For examples, Figure 2 shows Gaussian apodized gratings compared to a non-apodized uniform grating. Experimental data and theoretical modeling are shown.
Phase-shifted gratings have been investigated as an effective temporal integrator for all-optical signal processing 2 . Here we demonstrate how our small writing spot allows fabrication of phase shifted devices, offering all optical signal processing. Figure 3 shows the reflectivity and group delay responses of a 2mm π phase-shifted grating. The effective refractive index of the mode within the Bragg grating was 1.4472, the total grating length was 2mm, the grating period was 540.5nm and the π-phase shift point was at the center of the grating structure. For this device the grating was Gaussian apodized. The group delay of the grating in reflection was directly measured using the modulation phase-shift technique 8 . The periodic fringes are due to a Fabry-Perot effect within the characterization setup. The small writing spot size also allows fabrication of chirped grating devices. Figure 4 , shows the spectra of series of Bragg gratings with varying linear chirp 9 . As the chirp increases the reflection bandwidth increases accordingly. However due to the small spot size the reflectivity of the grating remains similar to that of the smallest chirp.
To also demonstrate the integrated nature of these planar devices, a series of surface-mount resistors were bonded to the top of a chirped grating. The chip was mounted on a thermoelectric module to maintain constant device temperature. The thermal tuning responses of the chirped devices are shown in Figure 5 . The grating contains a positive linear chirp, the period increasing from input to output facet. Therefore by heating the short wavelength end of the grating using the micro-resistors, the chirp decreases as the difference in period reduces. As the chirp gradient is smaller, light of a particular wavelength will have to travel further into the grating before being reflected. Hence it will experience more delay than in the unheated sample, the result being an increase in the group delay slope. As more resistors are added along the grating, the thermal gradient decreases, hence the chirp gradient increases. The result is a reduction in the group delay slope. 
Figure 5
Group delay spectra of a chirp-apodised grating under thermal tuning. The spectra are offset for clarity 9 .
CONCLUSION
We have demonstrated the direct UV grating technique to fabricate various planar Bragg grating devices for all-optical signal processing. The small writing spot size provides a route for accurate grating engineering at the micron level, used to produce complex grating structures. We will present results on all-optical signal processing using this fabrication technique.
